Multi-user multi-input multi-output (MIMO) system has been attracting much attention due to its high spectrum efficiency. Nonlinear MIMO signal detection methods with less computational complexity have been widely studied for single-user MIMO systems. In this paper, we investigate how a lattice reduction (LR)-aided detection and a maximum likelihood detection (MLD) employing the QR decomposition and M-algorithm (QRM-MLD), which are commonly known as non-linear MIMO signal detection methods, improve the uplink capacity of a multiuser MIMO-OFDM cellular system, compared to simple linear detection methods such as zero-forcing detection (ZFD) and minimum mean square error detection (MMSED). We show that both LR-aided linear detection and QRM-MLD can achieve higher uplink capacity than simple linear detection at the cost of moderate increase of computational complexity. Furthermore, QRM-MLD can obtain the same uplink capacity as MLD.
Introduction
High speed data services are strongly demanded in the next generation mobile communication systems. Multi-user multi-input multi-output (MIMO) multiplexing [1] , [2] is one of the promising techniques to provide multiple users with high speed data transmission without increasing the signal bandwidth. Uplink multi-user MIMO multiplexing can allow multiple users to simultaneously access the same base station (BS) using the same carrier frequency. The MIMO signal detection needs to recover each users' transmitted signal in a severe multi-user interference (MUI) environment.
There are two types of well-known MIMO signal detection methods, maximum likelihood detection (MLD) and linear detection (such as zero-forcing detection (ZFD) and minimum mean square error detection (MMSED) [3] ). MLD has a disadvantage of its prohibitively high computational complexity while linear detection methods have a disadvantage of its poor performance when the number of users is the same as that of receive antennas. Thus, various near-ML detection methods which can provide low bit error rate (BER) with less computational complexity have been widely studied.
In a cellular system, the same frequency is reused in spatially separated different cells to efficiently utilize the limited available spectrum [4] and therefore, the co-channel interference (CCI) limits the link capacity. In [5] , the uplink capacity of a multi-user MIMO cellular system is evaluated, but only linear detection methods (i.e., ZFD and MMSED) are considered. How the non-linear MIMO signal detection methods can improve the uplink capacity has not been fully investigated yet.
In this paper, we consider a multi-user MIMO cellular system using orthogonal frequency division multiplexing (OFDM) and investigate, by computer simulation, how nonlinear MIMO signal detection methods improve the uplink capacity. Single-user MIMO frequency division multiple access (FDMA) is not considered because the mobile terminal requires multiple antennas. We also discuss the computational complexity. We utilize a lattice reduction (LR)-aided ZFD and MMSED and an MLD employing the QR decomposition and M-algorithm (QRM-MLD). Lattice reduction using Lenstra-Lenstra-Lovasz (LLL) algorithm [6] is considered to be a promising technique to improve the performance of ZFD and MMSED [7] , [8] . The advantage of LR-aided ZFD and MMSED is that the full diversity order is obtained if the number of users is lower than or equal to that of receive antennas [9] . QRM-MLD [10] is a computationally efficient near MLD. The search problem is transformed into the tree structured search problem by utilizing the QR decomposition and the computational complexity is reduced by employing the M algorithm.
The remainder of this paper is organized as follows. Section 2 gives the system model. Section 3 presents the OFDM multi-user MIMO uplink transmission system model. In Sect. 4, LR-aided detection and QRM-MLD are described. The simulation results on the uplink capacity are presented in Sect. 5. Section 6 offers some conclusions.
System Model
In a cellular system, the same frequency band is reused at different cells to efficiently utilize the limited bandwidth [4] . The number of different OFDM signal bandwidths to cover the entire service area is called the cluster size N. In this paper, we assume that the number of communicating users per cell and that the bandwidth assigned to each cell is the same. Therefore, as the cluster size N gets smaller, the total bandwidth required in the system gets narrower. On the other hand, stronger CCI is received because the co-channel Copyright c 2012 The Institute of Electronics, Information and Communication Engineers cells get closer. This suggests that there exists the optimum N that maximizes the uplink capacity. Figure 1 illustrates the CCI model for the uplink OFDM multi-user MIMO in a cellular system. The number of transmitting users per cell is assumed to be the same for all cells (uniform user distribution) and is denoted by U; i.e., U users in each cell share the same OFDM signal band of N c subcarriers and each user is simultaneously transmitting its data by using all N c subcarriers. It is assumed that the BS has N r (≥ U) receive antennas while each user has a single transmit antenna. We consider 6 nearest co-channel cells (i.e., only first-tier co-channel cells) since they are a dominant source of CCI which limits the cellular capacity [11] , [12] . The cell of interest is indexed as c = 0, and 6 nearest co-channel cells are indexed as c = 1 ∼ 6.
In this paper, we measure the distribution of local average BER by the Monte-Carlo simulation to find the outage probability of BER [4] , [13] , which is defined as the probability of the local average BER exceeding the required BER. We define the uplink capacity as the maximum number U max of supportable users normalized by the cluster size N for the given allowable outage probability Q. Figure 2 shows the transmission system model of OFDM multi-user MIMO using N c subcarriers. At each user terminal transmitter, the binary information sequence is datamodulated and then, the data-modulated symbol sequence is divided into a sequence of blocks of N c symbols each. The symbol block of u-th user in the c-th cell is represented by
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Fourier transform (IFFT) is applied to generate the timedomain OFDM signal block as
where P is the transmit power and is the same for all users. The last N g symbols in each block are copied and inserted as a cyclic prefix (CP) into the guard interval (GI) before transmission.
The transmitted OFDM signal block is assumed to go through a frequency-selective block fading channel which is composed of L distinct propagation paths. Assuming the block fading, the path gains stay constant during the transmission of one OFDM signal block. The channel impulse response between the u-th user in the c-th cell and the m-th receive antenna of the c = 0th cell BS is given by
with
where r u(c) , η u(c) , and α denote the distance between the user and the c = 0th cell BS, the shadowing loss, and the path-loss exponent, respectively, and g
m,u(c) and τ u(c),l are the complex-valued path gain and the time delay of the lth path of the u-th user in the c-th cell, respectively, with
At the c = 0th cell BS, a superposition of U user's transmitted signals as well as CCI is received by N r receive antennas. The GI-removed received signal block y(t) = y 0 (t) · · · y N r −1 (t)
T can be expressed using the vector form as
where
is an N r × U path gain matrix of the l-th path, and
c is represented by h 
Finally, signal detections are carried out using Y(k).
MIMO Signal Detection
We consider ZFD, MMSED, LR aided ZFD, LR aided MMSED, and QRM-MLD as MIMO signal detection methods at the BS. In this section, the frequency index k is omitted for the sake of simplicity.
ZFD and MMSED [3]
The output of ZFD is given as
The output of MMSED can be written in similar form to ZFD by introducing an (N r + U) × U channel gain matrix H ext and an (N r + U) × 1 received signal vector Y ext [14] . H ext and Y ext are given as
where I U is an U × U unit matrix, 0 U is an U × 1 vector whose elements are all 0, and σ 2 I and σ 2 n denote the average received CCI power and the noise power, respectively. The output of MMSED can be written as
The use of LR always achieves the full diversity order of N r [9] while the diversity order of ZFD and MMSED without LR is N r − U + 1 [15] . [7] , [8] The purpose of introducing the LR is to transform H 0 into a new matrixH 0 consisting of near-orthogonal column vectors. The signal detection usingH 0 produces less noise enhancement compared to that using H 0 [8] . In this paper, we realize the LR by using the LLL algorithm [6] . The detail of LLL algorithm is described in detail in Appendix. At first, we consider LR-ZFD. By applying the LLL algorithm to H 0 , we obtainH 0 = H 0 T, where T is the U × U transform matrix. Then, Eq. (5) can be rewritten as
LR-ZFD and LR-MMSED
whereS 0 = T −1 S 0 andH 0 = H 0 T are the transformed signal vector and equivalent channel matrix, respectively.
The output of LR-ZFD is given as
Hard decision onS 0,LR−ZF is done first and then, S 0,LR−ZF is obtained using the relationship S 0,LR−ZF = TS 0,LR−ZF .
In the case of LR-MMSED, the LLL algorithm is applied to the channel matrix H ext instead of H 0 [8] . Then, we obtain a U × U transform matrix T ext . The output of LR-MMSED is expressed as
whereH ext = H ext T ext . Similar to LR-ZFD, hard decision onS 0,LR−MMSE is done first and then, S 0,LR−MMSE is obtained using the relationship S 0,LR−MMSE = T extS0,LR−MMSE .
QRM-MLD [10]
As a first step of QRM-MLD, QR decomposition is applied to the channel matrix H 0 . In this paper, we use the sorted QR decomposition (SQRD), proposed in [16] , as ordering. By applying SQRD to the matrix H 0 , we obtain the following relationship
where Q is an N r × U matrix satisfying Q H Q = I U and R is a U × U upper triangular matrix given as
P is a U × U permutation matrix. Since column vectors of H 0 can be interchanged by SQRD, the permutation matrix P is required. In this section, we assume that P is a U × U unit matrix for the sake of simplicity. Next, the received signal vector Y is transformed intô Y asŶ
Then, the M algorithm [17] , which consists of U stages, is applied to the vectorŶ. In each stage, the accumulated path metric using the squared Euclidian distance betweenŶ and a path arriving at each node is calculated and then, M paths having the smallest accumulated path metric are selected as surviving paths. The accumulated path metric in the k-th stage is given as
whereS U−1−i(0) is a symbol candidate for S U−1−i(0)
. At the U-th stage (which is the final stage), the best path having the smallest accumulated path metric is chosen. The best path is traced back to output the detected signal vector. A brief example of QRM-MLD assuming BPSK modulation, U = 4, and M = 4 is illustrated in Fig. 3 . Table 1 shows the simulation condition. The channel is assumed to be a frequency-selective block Rayleigh fading having a symbol-spaced L-path uniform power delay pro-
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Simulation Procedure
. Unless otherwise stated, the cell radius is normalized to unity and the transmit power P is set so that the average received bit energy-to-noise power spectrum density ratio E b /N 0 measured at a distance equal to the cell radius becomes 10 dB (this is called the normalized transmit E b /N 0 in this paper). Ideal channel estimation is assumed. It is shown in [5] that in a strong frequency-selective fading channel, both the slow and fast transmit power control (TPC) provide almost the same maximum uplink capacity and therefore, the slow TPC can be used. However, Ref. [5] also shows that the maximum uplink capacity achievable by the slow TPC is almost the same as that without TPC. Therefore, in this paper, the TPC is not considered. Figure 4 illustrates the computer simulation procedure. First, U users' locations are randomly generated in each cell for the given cluster size N. Next, the path-loss and the log-normally distributed shadowing loss are generated for each user. Then, an L-path block Rayleigh fading associated with each user is generated. The signal transmission is simulated to measure the local average BERs of U users in the c = 0th cell. This BER measurement is repeated a sufficient number of times by randomly changing the user locations, path-loss, shadowing loss, and fading in order to obtain the complementary cumulative distribution function (CCDF) of the local average BER. The outage probability is defined as the probability that the local average BER exceeds the required BER. If the outage probability is less than the allowable outage probability Q, the number U of users is incremented by one.
The spectrum efficiency of a cellular system increases as the number of communicating users per cell increases for the given total bandwidth (or the given total number of channels). In this paper, assuming the same data rate for all users, the maximum number U max of supportable users per cell normalized by the cluster size N is defined as the uplink capacity. The reason to normalize the maximum number of supportable users by the cluster size is that as the cluster size increases, the total bandwidth (or the total number of channels) increases. The uplink capacity depends on the modulation level and the error correcting code. In this paper, we set the required BER and the allowable outage probability as BER = 10 −3 and Q = 0.1, respectively. Figure 5 illustrates the BER outage probability as a function of the number U of users per cell when N r = 8 and N = 21. It can be seen from Fig. 5 that using conventional ZFD and MMSED, the outage probability significantly increases with U since their diversity order is N r −U+1. Much lower outage probability is achieved with LR-aided detection compared to conventional ZFD and MMSED. This is because the diversity order is always N r for both LR-ZFD and LR-MMSED. QRM-MLD achieves slightly lower outage probability than LR-aided detection. This is because QRM-MLD eliminates the MUI perfectly if the correct path is selected while the MUI still remains in the output of LR-aided detection (each column vector ofH 0 orH ext are not orthogonal (near orthogonal)). However, when U = N r and M = 1, the BER outage probability of QRM-MLD significantly increases. If U is smaller than N r , the receive antenna diversity can be obtained and therefore, lower outage probability is achieved even if M = 1 is used (only single path is selected in each stage of M algorithm). When U = N r , however, no receive antenna diversity is achieved and the diagonal elements of matrix R often drop; in particular, |R U−1,U−1 | drops significantly [18] . Accordingly, the probability of discarding the correct path increases. Therefore, to avoid this problem, M = 4 must be used when U = N r . Figure 6 plots the uplink capacity U max /N as a function of the cluster size N when N r = 8. Also plotted is the performance of MLD for a comparison. The value of U max is also indicated near each plot in the figure. First, we discuss how the introduction of lattice reduction (LR) into ZFD and MMSED improves their uplink capacities. It is clearly seen from Fig. 6(a) that the introduction of LR can significantly improve the capacity (note that the conventional ZFD and MMSED provide the same uplink capacity, however, LR- ZFD and LR-MMSED provide almost the same improved uplink capacity). Next, we discuss how better QRM-MLD performs than LR-MMSED. It can be seen from Fig. 6(b) that when M = 4, QRM-MLD can achieve the same uplink capacity as MLD, unlike LR-MMSED (however, note that when M = 1, QRM-MLD provides smaller capacity than LR-MMSED for a large N).
Uplink Capacity
Computational Complexity
The trade-off relationship between the maximum uplink capacity and the computational complexity is discussed in the case of N r = 8. In this paper, the computational complexity is defined as the number of complex multiplications and additions per block. The number of multiplications and additions is shown in Table 2 for each detection method. We measure the complexity of LLL algorithm by computer simulation since it depends on the channel condition. In Table 2 , X denotes the modulation level and is 4 in this paper since we consider QPSK modulation.
The approximate values of the number of complex multiplications and additions per block required to achieve the maximum uplink capacity are summarized for each detection method in Table 3 . LR-MMSED achieves about 1.54 times higher maximum capacity at the cost of about 7.4 and 7.3 times increased number of complex multiplications and [14] - additions, respectively, compared to MMSED. Furthermore, it can be seen that QRM-MLD achieves 1.75 (2.0) times higher maximum capacity at the cost of about 4.0 (7.9) and 4.0 (8.2) times increased number of multiplications and additions, respectively, compared to MMSED in the case of M = 1 (4). Both LR-MMSED and QRM-MLD provides larger maximum uplink capacity at a moderate increase in the computational complexity. Furthermore, when M = 1, QRM-MLD can achieve larger maximum uplink capacity with less computational complexity compared to LR-MMSED. If the value of M is set to 4, QRM-MLD achieves larger maximum uplink capacity compared to LR-MMSED at the cost of slightly higher complexity. However, we note that QRM-MLD has a disadvantage that its complexity depends on the modulation level unlike LR-MMSED. Figure 7 plots the maximum uplink capacity as a function of the number of receive antennas, N r , for conventional MMSED, LR-MMSED, and QRM-MLD. The value of N is also indicated near each plot in the figure. It can be seen from the figure that by increasing N r , the advantage of LR-MMSED and QRM-MLD over MMSED can be much pronounced. This is because LR-MMSED and QRM-MLD achieve increasing diversity order as the number of receive antennas increases. Figure 8 plots the uplink capacity for an interference limited channel (i.e., the transmit E b /N 0 → ∞). Capacity comparison between the cases of interference-limited condition (Fig. 8) and power-limited condition (Fig. 6) shows that the uplink capacity increases as the transmit power increases, but the value of N which maximizes the uplink capacity is relatively large (i.e., when N = 13, 16). This implies that the multi-user MIMO signal detection is very sen- sitive to the uncontrollable CCI similar to with the singleuser MIMO.
Impact of Parameters
Conclusion
We investigated the uplink capacity of OFDM multi-user MIMO using near-ML detection in a cellular system by computer simulation. What we showed in this paper is summarized below. Both LR-aided detection and QRM-MLD can provide much lower outage probability and hence, can achieve higher uplink capacity than ZFD and MMSED. QRM-MLD(M = 4) achieves the same uplink capacity as MLD unlike LR-MMSED. We also considered the tradeoff relationship between the achievable uplink capacity and computational complexity. Both LR aided detection and QRM-MLD achieve higher uplink capacity at the cost of about 4 ∼ 8 times increased complexity compared to MMSED. As the number of receive antennas increases, the achievable diversity order of LR aided detection and QRM-MLD increases and hence, their advantage over MMSED becomes more pronounced.
In this paper, we assumed that all users in each cell are communicating simultaneously with their corresponding BS. However, an introduction of a scheduling algorithm which chooses some users having better channel condition can improve the uplink capacity through the multi-user diversity. The link capacity investigation of a cellular system using the multi-user MIMO and scheduling is left as an important future study.
From the simulation results shown in the paper, the cluster size which maximizes the uplink capacity was found to be relatively large. This is because the multi-user MIMO is very sensitive to the CCI and the transmission performance of a user near the cell edge degrades significantly due to the strong CCI. The reuse partitioning [19] (where the single frequency reuse is used in an area near the BS while the conventional frequency reuse is used in an area near the cell edge) can improve the spectrum efficiency of cellular systems. Our simulation results suggest that in a cellular system using reuse partitioning, the multi-user MIMO can be applied for users near the BS while antenna diversity is applied for users near the cell edge. The link capacity investigation of a cellular system using reuse partitioning, multi-user MIMO, and antenna diversity is also left as an important future study.
